Highlights d We report a crystal structure of human MIS12 complex, a crucial kinetochore component In Brief
INTRODUCTION
In eukaryotes, chromosomes are replicated during the S-phase (synthesis) of the cell cycle and then segregated from a mother cell to its two daughters during M-phase (mitosis). Accurate segregation of the sister chromatids (replicated chromosomes) requires their interplay with the mitotic spindle, which self-assembles through the combined action of microtubules, microtubule motors, and microtubule-binding proteins (Foley and Kapoor, 2013) .
Kinetochores mediate the physical interaction of chromosomes with the mitotic spindle and ensure that sister chromatids bi-orient, i.e., that they bind to opposite poles of the mitotic spindle, a condition required for accurate chromosome segregation (Foley and Kapoor, 2013; London and Biggins, 2014) . Kinetochores, which are largely conserved in eukaryotes, contain $26 core subunits and an array of regulatory subunits (Pesenti et al., 2016) . The core subunits have been classified into two distinct assemblies, designated constitutive centromere-associated network (CCAN) and Knl1 complex; Mis12 complex; Ndc80 complex (KMN), the former loosely associated with chromatin components and the latter, with spindle microtubules (McKinley and Cheeseman, 2016; Pesenti et al., 2016; Figure S1A) . The 16 or more CCAN subunits fall into several discrete complexes (McKinley and Cheeseman, 2016; Pesenti et al., 2016) . Of these, CENP-C and the CENP-LN complex interact directly with the centromere-specific histone H3 variant CENP-A, considered the linchpin of kinetochore assembly (Carroll et al., 2009 (Carroll et al., , 2010 Kato et al., 2013; Weir et al., 2016) .
The 10-subunit KMN assembly consists of three complexes, the 4-subunit MIS12 complex (MIS12C), the 2-subunit KNL1 complex (KNL1C), and the 4-subunit NDC80 complex (NDC80C) (Bharadwaj et al., 2004; Cheeseman et al., 2004; De Wulf et al., 2003; Desai et al., 2003; Kline et al., 2006; McCleland et al., 2003; Nekrasov et al., 2003; Obuse et al., 2004; Pinsky et al., 2003; Westermann et al., 2003; Wigge and Kilmartin, 2001) . Human MIS12C (also known as MIND complex or Mtw1 complex in Saccharomyces cerevisiae) contains the MIS12, PMF1, NSL1, and DSN1 subunits (Figure S1B ; synonyms are reported in Table S1A ). KNL1C (known as Spc105 complex in S. cerevisiae) contains the KNL1 and ZWINT subunits. Finally, NDC80C contains the NDC80, NUF2, SPC24, and SPC25 subunits.
The three KMN sub-complexes are functionally distinct. NDC80C is a long coiled-coil with globular domains at both ends and an end-to-end length of $55 nm (Ciferri et al., 2005; Wei et al., 2005) . Its two sub-complexes, NDC80:NUF2 and SPC24:SPC25, are responsible for microtubule binding and kinetochore localization, respectively Ciferri et al., 2008; DeLuca et al., 2005 DeLuca et al., , 2006 Malvezzi et al., 2013; Petrovic et al., 2010; Wei et al., 2006 Wei et al., , 2007 . KNL1, the largest core kinetochore protein in humans (2,316 residues), is implicated in mitotic checkpoint control (reviewed in London and Biggins, 2014) . Finally, MIS12C is a binding hub that connects the other two KMN complexes to CCAN through an interaction with CENP-C (Gascoigne et al., 2011; Hori et al., 2013; Hornung et al., 2011 Hornung et al., , 2014 Liu et al., 2016; Maskell et al., 2010; Petrovic et al., 2010; Przewloka et al., 2011; Screpanti et al., 2011) . Aurora B phosphorylation at Ser100 and Ser109 of human DSN1 enhances the CENP-C:MIS12C interaction (Kim and Yu, 2015; Rago et al., 2015; Welburn et al., 2010; Yang et al., 2008) , and the pathway is conserved in S. cerevisiae (Akiyoshi et al., 2013) .
In recent years, there has been substantial progress in the biochemical and structural characterization of KMN network components. Negative-stain electron microscopy (EM) demonstrated that MIS12C is elongated, with a long axis of z20 nm and one end thinner than the other (Hornung et al., 2011; Maskell et al., 2010; Petrovic et al., 2010) . EM analysis of larger KMN reconstitutions, including a low-resolution 3D negative stain EM reconstruction of MIS12C bound to a segment of KNL1 and to an engineered chimeric construct of NDC80C called NDC80C
Bonsai (Ciferri et al., 2008) , suggested that MIS12C interacts with NDC80C and KNL1C near the thinner end; that MIS12C and NDC80C bind ''in series'' to form an z80 nm structure; and that KNL1 departs from the axis of the NDC80:MIS12 rod at an z65 angle (Petrovic et al., 2014; Screpanti et al., 2011) . While the previous work began to illustrate the structural organization of MIS12C, a high-resolution structure of this complex has been missing. We have now overcome this limitation by determining the crystal structure of the human MIS12C in complex with the N-terminal region of CENP-C, previously implicated in MIS12C binding (Przewloka et al., 2011; Screpanti et al., 2011 ). The resulting model reveals the overall molecular organization of the MIS12C and the details of its interaction with CENP-C. We clarify how Aurora B phosphorylation of DSN1 enhances the CENP-C:MIS12C interaction. Finally, we build a near complete structural model of the KMN assembly and discuss its implications for microtubule binding and CCAN regulation.
RESULTS

Crystal Structure of Human MIS12C
From the results of limited proteolysis experiments (Petrovic et al., 2014) , we engineered a deletion construct of the MIS12C in which three of the four subunits carried N-or C-terminal deletions (Table S1B) . The resulting construct, referred to as MIS12C Nano , did not crystallize, but addition of residues 1-71 of human CENP-C (CENP-C ), coupled with in situ proteolysis (Dong et al., 2007;  Figure S2A ; STAR Methods), led to crystals. We collected X-ray diffraction data to minimum Bragg spacing of 3.5 Å from a native crystal and obtained initial phases from a tantalum bromide (Ta 6 Br 12   2+ ) derivative in a different crystal form (Table 1) . We used density modification methods and multi-crystal averaging to extend phases and obtain electron density maps with clear protein-solvent boundaries (Figures S2B and S2C) . Model building was carried out as discussed in the STAR Methods. Collectively, the crystallographic work addresses the majority of the sequence of the human MIS12C and provides an excellent account of distance restraints derived from cross-linking and mass spectrometry analyses (Herzog et al., 2012) , as summarized in Figures S2D and S2E (see also  Tables S2 and S3 ).
The MIS12C is an extended rod, with a long axis of $200 Å (1 Å = 0.1 nm), in line with the previous low-resolution EM analyses ( Figure 1A ). The four MIS12C subunits have similar topologies ( Figure 1B ) and span the entire length of the complex in the same orientation, so that all N and C termini cluster at opposite ends. The MIS12C subunits form two distinct subcomplexes, MIS12:PMF1 and DSN1:NSL1. The buried surface areas (Collaborative Computational Project, Number 4, 1994) for the MIS12:PMF1 and DSN1:NSL1 pairs (4,209 and 3,575 Å 2 ) are much larger than those of the four other interfaces, which range between 465 and 1,905 Å 2 . Both subcomplexes start with N-terminal helical hairpins that interact in four-helix bundles (defined here as ''Head1'' and ''Head2'' domains for the MIS12:PMF1 and DSN1:NSL1 subcomplexes, respectively) and progress into a ''stalk'' region ( Figures 1A and 1B) . The a3 helices of DSN1 and NSL1 pair in a helical segment (essentially a short segment of coiled-coil), with a3 of NSL1 kinking at the wellconserved Pro130 Nsl1 . The helical connector joins Head2 to the stalk, but Head2 itself is less restrained, as its linkage to the helical connector is extended and apparently flexible. The connection of Head1 to the stalk appears to be more fixed. The short a0 helix of the MIS12 subunit is largely buried at an interface of Head1 with the helical connector of DSN1:NSL1. The core of the stalk consists of the long and tightly interacting a3 helices of MIS12 and PMF1. The DSN1 and NSL1 chains in this region are extended and partly disordered and pack against the outer surface of the a3 helices of MIS12 and PMF1. It is possible that this region of MIS12C undergoes tension-dependent conformational rearrangements when NDC80C binds to microtubules, analogous to those recently proposed for the NDC80C (Suzuki et al., 2016) . The DSN1 and NSL1 chains resume helical conformation to establish a four-helix bundle that engages the visible C termini of all four subunits. As explained in the context of Figure 5 , this region is an interaction node where MIS12C binds with the NDC80C and KNL1C. In Drosophila melanogaster, no homolog of the DSN1 subunit has been identified, but biochemical reconstitution with the remaining three subunits resulted in a very stable MIS12C, unlike reconstitutions in which either of the homologs of the MIS12 or PMF1 subunits had been omitted, resulting in unstable complexes (Liu et al., 2016; Richter et al., 2016) . These recent observations confirm that MIS12 and PMF1 form the ''backbone'' of the MIS12C and suggest that NSL1 can adapt and retain significant stability even in the absence of DSN1.
We speculated that the detachment of Head2 from the core of the MIS12C might, at least in part, explain our difficulties in obtaining well-ordered crystals of MIS12C. We therefore generated a deletion construct, referred to as MIS12C DHead2 (i.e., lacking Head2, Table S1B ). MIS12C DHead2 retained CENP-C binding (see below) and readily crystallized with it in the absence of proteases. We determined the structure at 3.25 Å resolution as described in the STAR Methods (see also Table 1 ). The Head1 and Stalk of MIS12C DHead2 retain the overall organization and relative orientation observed in the crystal of complete MIS12C, except for a small rigid body movement of Head1 relatively to the stalk ( Figure 1C ). In addition, we report the crystal structure of the isolated Head2 domain determined at 2.0 Å ( Figure S2F ; Table 1 ).
Interaction of MIS12C with CENP-C The sequence of the N-terminal region of CENP-C in distant orthologs seems quite divergent, but the function of this region as a MIS12C binding interface is conserved (Hornung et al., 2014; Liu et al., 2016; Przewloka et al., 2011; Richter et al., 2016; Screpanti et al., 2011) . The sturdy arrangement of helices in Head1 and in the helical connector of DSN1:NSL1 provides a composite binding site for CENP-C (Figure 2A ). The main chain of CENP-C resembles a ''horseshoe.'' Its first visible segment (residues 6-22) is extended and binds in a shallow groove between the a1 and a2 helices of MIS12 in Head1. Lys10 CENP-C and Tyr13 CENP-C in this segment are necessary for tight binding of CENP-C to MIS12C (Screpanti et al., 2011) . The CENP-C main chain then takes a turn (at Phe17 CENP-C and Cys18 CENP-C ) to move away from the stalk through an extended and poorly conserved segment for which there is weak electron density. The CENP-C chain bends again to complete its ''U-turn'' around residues 28-30, emerging in helical conformation (residues 32-44, Figure 2C; a more detailed description of the interaction is in the legend of Figures S3A and S3B ). In both complexes in the asymmetric unit of the MIS12C DHead2 :CENP-C 1-71 crystals, clear electron density is only visible for residues 6-18 of CENP-C, whereas no density for the helical C-terminal segment is visible, probably due to crystal contacts involving MIS12C. As discussed in the context of Figure 4 , the N-terminal region of CENP-C is sufficient for a high-affinity interaction with MIS12C. Validation of the MIS12:CENP-C Interaction CENP-C binds MIS12C mainly on Head1 but also exploits the interface of Head1 with the helical connector (aC helices of DSN1 and NSL1). We took three steps to validate this binding mode. First, we asked if Head1 was necessary, and possibly sufficient, for CENP-C binding to MIS12C. Second, (Dimitrova et al., 2016) . Unlike the human proteins, a Head1 construct of the MIND complex was sufficient to bind Mif2 and co-crystallized with it. A crystal structure of the Head1: Mif2 complex (Figure 2E) shows that a helical segment of KlMif2 (residues 30-35), although shorter than that of human CENP-C, superposes well with it. Structural alignment of the helical regions brought to light additional sequence conservation in the N-terminal segment of CENP-C:Mif2, corresponding to residues 6-16 of human CENP-C ( Figure 2F ). Although the paths of the N-terminal region of CENP-C and Mif2 on Head1 are different (Figures 2A and 2E ), in both cases there is clustering of positively charged residues (positions 14 and 16 of human CENP-C) close to the interface of Head1 with the helical connector ( Figure S3 ). Thus, comparison of fungal and mammalian orthologs shows previously unappreciated sequence and structural similarities in the N-terminal region of CENP-C. Evolutionary conservation of residues at the surface of MIS12C, however, is limited ( Figure 2G ). Role of the a0 Helix of MIS12 in CENP-C Binding Binding of CENP-C to MIS12C occurs at the interface of Head1 with the helical connector, which is stabilized by the a0 helix of MIS12 ( Figure 3A ). The sequence of the a0 helix of MIS12 is conserved in evolution, especially residues Tyr8 MIS12 , Phe12
MIS12
, and Phe13
. The side chains of these residues are buried at the interface of a0 MIS12 helix with the helical connector ( Figure 3A ) and are therefore likely to stabilize the orientation of Head1 with respect to the connector. We generated a mutant carrying alanine point mutations of Tyr8 Figure S5B ). GFP-MIS12 WT strongly decorated kinetochores, as shown by co-localization with CREST anti-centromere antibodies, while GFP-MIS12C MIS12-YFF , which did not bind to CENP-C in vitro, failed to do so ( Figure 3C , quantified in Figure 3D ). In immunoprecipitation experi- ments with an anti-GFP antibody, GFP-MIS12C WT bound endogenous CENP-C, CENP-T, NDC80, and KNL1. Conversely, GFP-MIS12C MIS12-YFF did not appear to interact with CENP-C or CENP-T, while it appeared to interact with other KMN components, but less robustly than GFP-MIS12C WT ( Figure 3A ).
These observations confirm the importance of the a0 helix of MIS12 in stabilizing the interaction of MIS12C with CENP-C and suggest that their association enhances the interactions of MIS12C with other kinetochore proteins, including other KMN sub-complexes. 
a-GFP IP Input FAM CENP-C 1-71 is the same already shown in Figure 2D . The elution profile of MIS12C WT is shown in Figure S4A . Data for absorption at 280 nm and Coomassie staining of SDS-PAGE are shown in Figure S3 .
(C) Representative images of stable Flp-In T-REx cells expressing the indicated GFP-MIS12 constructs, showing that the YFF mutant does not localize to kinetochores (CREST is an inner kinetochore marker). Scale bar, 10 mm.
(legend continued on next page) lacks residues in the CENP-C helical segment (residues 32-44), it binds MIS12C with high affinity, in line with previous data (Screpanti et al., 2011 Figure 4A ).
In agreement with these observations, kinetochore recruitment of a GFP-MIS12 4E/DA construct was severely impaired ( Figures  4C and 4D ). We also created a triple alanine mutant of residues Asp105
Nsl1 , Glu112 Nsl1 , and Asp113 Nsl1 , three evolutionary conserved residues in the NSL1 a3 helix that interact with the side chains of Arg14 CENP-C , Arg15 CENP-C , and Arg16 CENP-C (Figure 2B) . The resulting mutant, MIS12C NSL1-DEDAAA , was unable to bind FAM CENP-C 1-21 in fluorescence polarization experiments ( Figure 4A ). Thus, the results of the mutagenesis analysis confirm our inference from the structure that conserved acidic residues of MIS12 and NSL1 participate in binding the N-terminal region of CENP-C. Role of HEAD2 Phosphorylation in CENP-C Binding to MIS12C Aurora B phosphorylates DSN1 at Ser100 DSN1 and Ser109 DSN1 (Welburn et al., 2010; Yang et al., 2008) . Being preceded by positively charged residues at the À3 and À2 positions, Ser100
DSN1
and Ser109 DSN1 are ideal phosphorylation substrates of Aurora B kinase (Figure 5A ). Phosphorylation of Ser100 DSN1 and Ser109 DSN1 stabilizes the interaction of MIS12C with kinetochores, and short deletions encompassing the DSN1 region containing Ser100 DSN1 and Ser109 DSN1 rescue the detrimental effects of Aurora B inhibition on kinetochore assembly (Kim and Yu, 2015; Rago et al., 2015) . Thus, phosphorylation of Ser100 DSN1 and Ser109 DSN1 may only be required to remove an inhibitory effect of unphosphorylated DSN1 on the interaction of the MIS12C with CENP-C, rather than playing a positive role on CENP-C binding after phosphorylation. Indeed, the MIS12C DHead2 construct, which also lacks Ser100 DSN1 and Ser109 DSN1 , binds CENP-C in SEC experiments ( Figure 2D ).
Thus, Head2 and the segments that precede it (also deleted in the MIS12C DHead2 construct, see , Figure 5B ). These results argue that segment 100-109 of DSN1 likely binds directly to the CENP-C binding site of MIS12C through an inter-subunit interaction, as depicted schematically in Figure 5C . Aurora B phosphorylation of DSN1 relieves this inhibitory effect, possibly to focus the interaction of MIS12C with CENP-C to kinetochores, where Aurora B activity concentrates during mitosis (Akiyoshi et al., 2013; Caldas et al., 2013; Liu et al., 2009; Welburn et al., 2010) .
The motifs of HsDSN1 encompassing Ser100 DSN1 and Ser109 DSN1 are related and can be also tentatively aligned with residues 10-17 of HsCENP-C ( Figure 5A ), suggesting that DSN1 interferes with the interaction of the N-terminal region of CENP-C with MIS12C. This hypothesis agrees with the results of our assays in Figure 5B demonstrating the effects of DSN1 on CENP-C binding, as these were carried out with FAM CENP- CENP-C 1-21 with progressively higher binding affinity, implicating positively charged residues in the DNS1-2 motif in the mechanism of intra-molecular regulation (Figure 5D Figure S6B ). We therefore surmise that the high effective concentration of the DSN1 segment responsible for the regulation of the interaction of MIS12C with CENP-C compensates for a low interaction affinity.
Interaction of MIS12C with NDC80C and KNL1C
The crystal structure of the MIS12C fits snugly into a 3D negative stain-EM reconstruction ( Figure 6A ) (Petrovic et al., 2014) of an artificial KMN assembly construct consisting of MIS12C, the tandem RWD (RING finger, WD repeat, DEAD-like helicases) domains in the C-terminal region of KNL1 (Petrovic et al., 2014) , and NDC80C
Bonsai , an engineered chimeric construct of the NDC80C (NDC80C Bonsai ) in which most of the coiled-coil regions of NDC80C had been removed to facilitate crystallization (Ciferri et al., 2008) . Two sequence motifs in human DSN1 and NSL1 (encompassing residues 323-348 and 209-213, respectively) have been previously implicated in the interaction of the MIS12C with the SPC24 and SPC25 subunits of NDC80C (that also consist of (D) Quantification of GFP-MIS12 kinetochore levels. The graph shows mean intensity from two independent experiments. Error bars represent SEM. Values for Mis12
WT are set to 1.
(E) Western blot of immunoprecipitates (IP) from mitotic Flp-In T-REx cell lines expressing the indicated GFP-Mis12 constructs. Vinculin was used as loading control. See also Figure S5 . species were added and fluorescence polarization monitored at equilibrium. Data fitting was performed as described in the STAR Methods. Due to the very low binding affinity, binding data for the MIS12C MIS12-YFF and MIS12C NSL1-EDEAAA mutants were not fitted and appear therefore as disconnected points. See also Figure S5 .
RWD domains) (Malvezzi et al., 2013; Petrovic et al., 2010) . The NSL1 and DSN1 motifs immediately follow the last visible residues of the DSN1 and NSL1 subunits in the crystal structure of MIS12C (317  DSN1 and 204   NSL1 , respectively). We can infer the mode of NDC80C binding by the DSN1 motif on the basis of its sequence similarity to the NDC80C-binding motif of CENP-T (known as Cnn1 in S. cerevisiae) ( Figure 6B) . A crystal structure of Cnn1 in complex with the SPC24:SPC25 dimer has been previously determined (Malvezzi et al., 2013; Nishino et al., 2013) , and we can therefore model the DSN1:NDC80 interaction on the experimental structure of the CENP-T Cnn1 :SPC24:SPC25 complex (PDB: 3VZA), as shown in Figure 6C . The accompanying paper also includes a crystal structure of the yeast Spc24:Spc25 heterodimer with the C-terminal moiety of Dsn1 (Dimitrova et al., 2016) .
We can also infer the mode of NDC80C binding by the NSL1 motif (Petrovic et al., 2010) on the basis of secondary structure predictions (with the PSIPRED server; Buchan et al., 2013) suggesting that the NSL1 segment 209-PVIHLQRIHQEVFS-222 adopts helical conformation. We speculate that this segment of NSL1, which is necessary but not sufficient for binding of human MIS12C and NDC80C (Petrovic et al., 2010) , extends the stalk, making contacts with the RWD domains of SPC24:SPC25 ( Figure 6C) . The NSL1 chain then likely reverses its direction to reach the KNL1 RWD domains, to which it binds through a motif comprised between NSL1 residues 258 and 281 (Petrovic et al., 2010 (Petrovic et al., , 2014 . Our previously reported crystal structure of this interaction (PDB: 4NF9) showed that the NSL1 C-terminal tail binds at the interface of the RWD domains (Petrovic et al., 2014) . Fitting of the EM map, however, shows that KNL1 establishes a much more extended interface with the C-terminal four-helix bundle in the stalk of MIS12C ( Figure 6C ). While at the resolution of the EM map, no detailed molecular description of this interface is possible, our model explains why the binding affinity of KNL1 for the NSL1 C-terminal peptide is significantly lower than the binding affinity of KNL1 for the entire MIS12C (Petrovic et al., 2010 (Petrovic et al., , 2014 . Furthermore, extensive cross-linking between ZWINT and the C-terminal tail of NSL1 ( Figure 6D ; Tables S2 and S3 ; for these experiments we used the full length sequences of MIS12C subunits) suggests that ZWINT, the only remaining KMN subunit to remain structurally uncharacterized, also positions itself near the KNL1 binding site of NSL1, in agreement with its ability to interact directly with the KNL1 C-terminal region (Petrovic et al., 2014) . The cross-linking analysis also identified possible contacts between the NDC80C and CENP-C 1-140 , but this species, at 5 mM, did not show a direct interaction by SEC ( Figure S6C ).
DISCUSSION
Together with previous high-resolution structural analyses of NDC80C and KNL1 (Ciferri et al., 2008; Malvezzi et al., 2013; Nishino et al., 2013; Petrovic et al., 2014; Primorac et al., 2013 ; See also Figure S6 . Wei et al., 2006 Wei et al., , 2007 , the crystal structures of Mis12C reported here, and its yeast ortholog, MIND, described in the accompanying paper (Dimitrova et al., 2016) , represent an important step toward the generation of a comprehensive model of the KMN assembly. These high-resolution analyses complement sub-nanometer resolution 3D cryo-EM reconstructions of NDC80C Bonsai on microtubules, which revealed how the two tightly arranged calponin homology (CH) domains in the NDC80 and NUF2 subunits of NDC80C and a disordered N-ter- minal segment of NDC80 cooperate for high-affinity microtubule binding (Alushin et al., 2010) . Besides DSN1 (as discussed in Results), all CCAN subunits, except CENP-C, seem to have been lost from the genomes of Drosophila melanogaster and of a few other organisms (Barth et al., 2014; Drinnenberg et al., 2014; Meraldi et al., 2006; Przewloka et al., 2007; Westermann and Schleiffer, 2013) . As in humans and yeast, the interaction of MIS12C with CENP-C in Drosophila engages the N-terminal region of CENP-C (Hornung et al., 2014; Liu et al., 2016; Przewloka et al., 2011; Richter et al., 2016; Screpanti et al., 2011) . This linkage may be the only connection between the inner and outer kinetochore in organisms devoid of additional CCAN subunits. In organisms that contain CCAN, on the other hand, a pathway of outer kinetochore recruitment centered on the CCAN subunit CENP-T (Cnn1 in S. cerevisiae) acts in parallel to the CENP-C pathway to promote KMN recruitment (Gascoigne et Malvezzi et al., 2013; Nishino et al., 2013; Rago et al., 2015; Schleiffer et al., 2012; Suzuki et al., 2015) . Understanding how the CENP-C and CENP-T pathways co-exist and possibly cooperate in kinetochore assembly is a challenge for future studies.
In Figure 6E , the KMN and CCAN components are drawn schematically but at their approximate scale. CENP-A is assumed to be in axis with the microtubule. Its closest CCAN components are CENP-C and CENP-LN, previously shown to bind CENP-A directly (Carroll et al., 2009 (Carroll et al., , 2010 Kato et al., 2013) . Most of CENP-C is disordered and flexible, with the exception of its C-terminal Cupin-like dimerization domain (Cohen et al., 2008) (not shown in Figure 6 ). Besides binding CENP-A (residues 516-537 of CENP-C) (Kato et al., 2013) , CENP-C binds the CCAN complexes CENP-LN and CENP-HIKM (residues 189-400 of CENP-C) (Klare et al., 2015; Nagpal et al., 2015; Weir et al., 2016) and MIS12C through its N-terminal region (Hornung et al., 2014; Liu et al., 2016; Przewloka et al., 2011; Richter et al., 2016; Screpanti et al., 2011; Weir et al., 2016) . The ordered succession of binding sites on CENP-C appears to recapitulate the outer to inner kinetochore axis, suggesting that it is a scaffold ordering kinetochore assembly (Klare et al., 2015) . The additional CCAN subunits that interact with CENP-C or, more generally, whose localization to kinetochores depends on CENP-C, including CENP-TW and CENP-OPQUR, have been also implicated in MIS12C localization (Hornung et al., 2014; Kim and Yu, 2015; Rago et al., 2015) . At least in fungi, a direct interaction with the MIND complex of the homologs of the CENP-OPQUR subunits has been identified (Dimitrova et al., 2016; Hornung et al., 2014 ), but we could not detect this interaction with the human proteins (unpublished data).
In summary, CCAN, using CENP-C as a spacer, may generate sturdy linkages radiating from CENP-A to position multiple KMN assemblies to surround a microtubule. The arrangement of CCAN and KMN complexes in Figure 6 fits well with the positioning of individual subunits by a pseudo-super resolution analysis (Joglekar et al., 2009; Suzuki et al., 2014; Wan et al., 2009) . These studies and the model derived here are consistent with the observed kinetochore thickness ($80 nm), most of which can be spanned by the KMN assembly.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
cDNAs used for expression of recombinant proteins were either of human origin, or generated synthetically based on human sequences.
Flp-in T-Rex HeLa cell lines were maintained at 37 C and 5% CO 2 in DMEM supplemented with 10% tetracycline-free FBS, 2 mM L-glutamine. Doxycycline-inducible stable cell lines were generated using the pcDNA 5/FRT/TO-based plasmids (Tighe et al., 2004) . Flp-In T-REx HeLa cells used to generate stable doxycycline-inducible cell lines were a gift from S.S. Taylor (University of Manchester, Manchester, England, UK). Flp-In T-REx host cell lines were maintained in DMEM with 10% tetracycline-free FBS supplemented with 50 mg/ml Zeocin. Flp-In T-REx HeLa expression cell lines were generated as previously described (Petrovic et al., 2014) . Transgene expression was induced by the addition of 100 ng/ml Doxycycline hydrate for 24 hr.
E. coli BL21(DE3)-Codon-plus-RIL (or RIPL) cells were grown in Terrific Broth (TB) at 37 C.
METHOD DETAILS Plasmids
The N-terminal EGFP-MIS12 full-length constructs used for in vivo experiments were generated by subcloning in pcDNA5/FRT/TO/ EGFP-IRES vector, a modified derivative of the pCDNA 5/FRT/TO plasmid. The pcDNA 5/FRT/TO/EGFP vector was obtained by cloning the sequence encoding EGFP from pEGFP-C1 into the pcDNA 5/FRT/TO-IRES vector. Sequences encoding deletion versions of MIS12 used for in vitro studies were generated using a modified procedure of the standard Quick-Change site-directed mutagenesis kit protocol in pST39 background (Sawano and Miyawaki, 2000) . The constructs encoding Head1 and Head2 versions were generated by Gibson assembly method in pGEX-2rbs, a modified derivative of pGEX-6P-1 expression vector generated inhouse. Site-directed mutants were introduces using a modified procedure of the standard Quick-Change site-directed mutagenesis kit protocol (Sawano and Miyawaki, 2000) . All plasmids were verified by DNA sequencing.
Immunoprecipitation and Immunoblotting
For immunoprecipitation, mitotic cells were harvested by shake-off and lysed in buffer (75 mM HEPES pH 7.5, 150 mM KCl, 1.5 mM MgCl 2 1 mM EGTA, 10% glycerol, and 0.075% NP-40) supplemented with and protease inhibitor cocktail and PhosSTOP phosphatase inhibitors. For immunoprecipitation experiments, extracts were pre-cleared with a mixture of protein A-agarose and protein G-agarose for 1 hr at 4 C and subsequently incubated with GFP-Traps (3 ml/mg of extract) for 3 hr at 4 C. Immunoprecipitates were washed in lysis buffer and resuspended in sample buffer, boiled at 95 C, resolved on SDS-PAGE with NuPAGE Bis-Tris 4%-12% gradient gels and transferred onto nitrocellulose membranes. Antibody concentrations were as follows anti-GFP, 1:1000-3000; anti-Mis12, 1:1000; anti-CENP-C, 1:500; anti-Vinculin, 1:20000; anti-Knl1-N, 1:1000; anti-Hec1, 1:1000; anti-CENP-TW, 1:500, anti-Dsn1, 1:200; secondary antibodies, affinity-purified with horseradish peroxidase conjugate, 1:10000. After incubation with ECL western blotting system, images were acquired with the ChemiDocÔ MP Imaging System (BIO-RAD) in 16-bit TIFF format. Levels of images were adjusted using ImageJ software and then cropped and converted to 8-bit.
Immunofluorescence Flp-In-T-Rex HeLa cells were plated on coverslips pre-coated with poly-L-lysine for 24 hr. Asynchronously growing cells were fixed using 4% paraformaldehyde. Cells were stained for CREST/anti-centromere antibodies (1:100), diluted in 2% BSA-PBS for 1.5 hr. Goat anti-human Alexa Fluor 647 was used as secondary antibody. DNA was stained with 0.5 mg/ml DAPI and coverslips were mounted with Mowiol mounting media. Preparations were examined under a microscope (MARIANAS, from 3i-Intelligent Imaging Innovations, Inc.) built around a stand (Axio Observer Z1; Zeiss) equipped with CSU-X1 confocal scanner unit (Yokogawa Electric Corporation) and a Plan-Apochromat 100x/1.4NA oil-immersion objective (Zeiss). Images were acquired as z sections at 0.27 mm. Images were converted into maximal intensity projections, exported and converted into 8-bit. Quantification of kinetochore signals was performed on unmodified 16-bit z series images using Imaris 7.3.4 32-bit software. After background subtraction, all signals were normalized to CREST. At least 728 kinetochores were analyzed per condition. Measurements were exported in Excel (Microsoft) and graphed with GraphPad Prism 6.0.
induced by the addition of 0.1 mM ITPG at 18 C and cells were incubated overnight for 16 hr. Cell pellets were resuspended in buffer A (20 mM Tris-HCl, pH 8, 300 mM NaCl, 10% (v/v) glycerol and 2 mM 2-mercaptoethanol supplemented with protease-inhibitor mix HP Plus and DNaseI, lysed by sonication and cleared by centrifugation. The cleared lysate was applied to 5 mL Ni-NTA-Fast Flow column pre-equilibrated in buffer A. The column was washed with 30 column volumes of buffer A containing 20 mM imidazole, and the bound protein was eluted with buffer A supplemented with 300 mM imidazole. The eluate was dialysed against ion exchange buffer A (20 mM Tris-Hcl, pH 8, 30 mM NaCl, 1 mM EDTA and 1 mM TCEP) and applied to a 6 mL Resource Q column pre-equilibrated in the same buffer. Elution of bound protein was achieved by a linear gradient from 30 mM to 300 mM NaCl in 20 column volumes. Relevant fractions were concentrated in 10 kDa molecular mass cut-off Amicon concentrators and applied to a Superdex 200 10/300 column equilibrated in size-exclusion chromatography buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl and 1 mM TCEP). Size-exclusion chromatography was performed under isocratic conditions at a flow rate of 0.4 ml/min, and the relevant fractions were pooled, concentrated, flash-frozen in liquid nitrogen and stored at À80 C. Other Mis12 variants used in this study were purified using identical conditions. The expression of Head1 and Head2 constructs (MIS12:PMF1 and NSL1:DSN1 respectively, see Table S1B ) was performed in E.coli BL21(DE3)-Codon-plus-RIL (or RIPL) cells. Protein expression was induced by the addition of 0.4 mM IPTG at 18 C and cells were incubated overnight for 16 hr. Cell pellets were resuspended in GST binding buffer (20 mM Tris-HCl, 300 mM NaCl, 10%(v/v) glycerol, 1 mM EDTA and 1 mM TCEP) supplemented with protease-inhibitor mix HP Plus and DNase I, lysed by sonication and clarified by centrifugation. The cleared lysate was incubated with Amintra Glutathione resin for two hours at 4 C. Following extensive washing (50-100 bead volume), the mixture was incubated with GST-3C protease (generated in house) overnight. The flow-through fraction was dialyzed against ion-exchange buffer A (see above), applied to a 6 mL Resource Q column (in case Head1) or 6 mL Resource S (in case of Head2), pre-equilibrated in the same buffer and the sample eluted using a linear gradient (from 30 to 300 mM NaCl for Head1 or 30 to 500 mM NaCl for Head2) over 20 column volumes. Relevant fractions were pooled, concentrated (10 kDa molecular mass cut-off Amicon concentrators) and applied to a Superdex 75 (10/300 or 16/600) column equilibrated in SEC buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl and 1 mM TCEP). The sample was eluted under isocratic conditions, at a flow rate of 0.4 ml/min (for 10/300) or 1 ml/min (for 16/600), relevant fractions pooled, concentrated and flash-frozen. During purification of the Head2 construct, a stable proteolytic fragment generated by removal of residues near the N-terminal region of the DSN1 subunit was observed. The proteolytic fragment was separated from the full-length protein during the Resource S step, and was used in crystallization trials (vide infra).
In order to increase yield, MIS12C Nano construct was also generated for the expression in insect cells. Expression and purification of the MIS12C Nano complex was carried out in insect cells using a MultiBac system. Production of high-titer V 2 virus was carried out separately for pFL-PMF1:MIS12 and pFL-DSN1-6xHis-NSL1 in Sf9 cells. Tnao38 insect cells (Hashimoto et al., 2012) were used for expression (96 hr, 27 C), after which the cells were centrifuged, washed once in PBS, re-centrifuged and frozen. Purification of MIS-C12 Nano was carried out in the same manner, as for the samples generated in E. coli. plasmid. Cells were grown in TB to an OD 600 of 0.8. Protein expression was induced by the addition of 0.2 mM ITPG at 18 C and cells were incubated overnight for 16 hr. Cell pellets were resuspended in GST binding buffer (20 mM Tris-HCl, 500 mM NaCl, 10%(v/v) glycerol, 1mM EDTA and 1 mM TCEP) supplemented with protease-inhibitor mix HP Plus and DNase I, lysed by sonication and clarified by centrifugation. The cleared lysate was applied to a 5 mL GST-Fast Flow column, pre-equilibrated in the GST binding buffer. Following extensive washing (50-100 column volume), GST-3C protease (generated in house) was added and the mixture incubated overnight. The flow-through fraction was concentrated (3 kDa molecular mass cut-off Amicon concentrators) and sample applied to a Superdex 75 (16/600) column, pre-equilibrated in CENP-C SEC buffer (20 mM Tris-HCl, pH 8, 300 mM NaCl and 1 mM TCEP). The sample was eluted under isocratic conditions, at a flow rate of 1 ml/min, relevant fractions pooled, concentrated and flash-frozen.
Crystallization
Prior to crystallization trials, purified MIS12C Nano :CENP-C 1-71 complex was mixed with 1 mg/ml solution of a-Chymotrypsin at a ratio 1:1000 (w/w). Initial crystallization hits of MIS12C Nano :CENP-C 1-71 were obtained in sitting drop crystallization experiments at ca.
10 mg/ml in a 96 well format using a Mosquito protein crystallization robot (TTP Labtech) at 4 C. Crystals grew as shower of thin plates, in range of conditions of various commercial screens including JCSG CoreI conditions B3 and D10, JCSG Core II conditions C10 and D100 and Procomplex condition D11 within 24-48 hr, reaching maximum size in 4-6 days. Crystals were further optimized in 96-well sitting drop iQ plates using a two-dimensional grid screen varying PEG6K (from 6%-12%) and pH (from 6-8). Crystals obtained in this way were also used as a source for seeds. In general, seeds were used in streak-seeding experiments employing a cat-whisker to optimize crystals in 24-well hanging-drop experiments. Streak-seeding from non-substituted protein was also used to facilitate growth of selenomethionine crystals. In general, MIS12C Nano :CENP-C 1-71 complexes purified from E. coli and insect cells were used. For phasing, crystals were soaked overnight in mother liquor containing Ta 6 Br 12 ranging in concentration from 0.5 mM to 2 mM. Crystals were cryo-cooled in a mother liquor solution containing 20%-25% (v/v) glycerol or 20% (v/v) ethylene glycol. The MIS12C DHead2 :CENP-C 1-71 was crystallized at approximately 9.2 mg/ml in sitting drop crystallization experiments in a 96-well plate format. Initial crystals were obtained after 5 days at 4 C in JCSG Core I condition B10 (20% (w/v) PEG 3350, 0.2 M Potassium Sodium Tartrate). Crystals were cryo-cooled in a mother liquor solution containing 20% (v/v) glycerol.
We also obtained crystals of the isolated Head2 domain, generated by co-expression of N-terminal segments of DSN1 and NSL1 (Table S1B ). Nonspecific proteolysis of the N-terminal DSN1 region (residues 68-106) occurred during purification. The Head2 proteolytic fragment was crystallized at approximately 15 mg/ml in sitting drop crystallization experiments in a 96-well plate format. Initial crystals were obtained at 20 C in JCSG Core III condition F10 (0.2 M Potassium Sodium Tartrate, 0.1 M Tri-Sodium Citrate, pH 5.6, and 2M Ammonium Sulfate). Crystals were cryo-cooled in a mother liquor solution containing 20% (v/v) glycerol.
Crystal Structure Determination All data were collected at 100K using a Pilatus 6M detector either at the X10SA beamline at the SLS in Villigen, Switzerland, or at the P11 beamline of PETRA in Hamburg, Germany. All datasets were integrated and scaled using XDS and XSCALE and corrected for anisotropic diffraction using the UCLA Diffraction Anisotropy Server (except for the isolated Head2 domain data). The quality of the MIS12 Nano :CENP-C 1-71 crystals varied greatly in an unpredictable manner and necessitated screening of a large number of crystals. The best diffracting native crystals (3.5 Å ) obtained by in situ proteolysis belonged to space group C2 with one molecule per asymmetric unit and were difficult to reproduce. Crystals obtained in conditions similar to the standard ones (see Crystallization), grew in a different space group (P2 1 ) with two molecules per asymmetric unit and were soaked with a Tantalum bromide cluster. They diffracted to 5Å with a significant anomalous signal up to 6.5 Å . Phasing with PHENIX and SHARP located three binding sites for the Ta 6 Br 12 cluster and allowed unambiguous positioning of alpha helices into the electron density. Molecular replacement with PHASER could successfully place the initial a-helical model into the native dataset in the C2 space group. Multi-crystal averaging of the native C2 dataset and another crystal in space group P1 (SeMet protein, but collected at 0.999 Å , that diffracted to 4.5 Å ) with dmmulti (CCP4 package) greatly improved the density up to a point where refinement with PHENIX started to lower the free R factor. Separate masks were used for Head1, Head2 and the Stalk. Initially, the PHENIX option ''autobuild from fragments'' was used to improve the electron density. Later, secondary structure constraints and optimized weights were employed to prevent over-fitting. The sequence was assigned with the help of the structure of the K. lactis MIS12 complex (Dimitrova et al., 2016) , which was fitted segment-wise to the human complex, accompanied by extensive analysis and comparison of secondary structure predictions (using PSIPRED) and complemented by cross-linking-mass spectrometry data. The anomalous signal of the P2 1 SeMet crystal (collected at SeMet wavelength, diffracting to 6 Å ) extended up to only $10A, and was therefore of limited use to the sequence assignment, but was used to confirm the positions of most of the selenomethionines. The CENP-C sequence was modeled into an F obs -F calc electron density map after refinement of the protein was essentially complete and further lowered the free R value to a final 29.8% with acceptable Ramachandran geometry (91.8% favored, 6.6% allowed and 1.6% outliers).
The crystal structure of the MIS12C DHead2 was solved using molecular replacement with PHASER. It contained 2 molecules per asymmetric unit in a distinct P2 1 crystal form. Head1 and the stalk were used as separate search models since no solution could be obtained with the model of full-length MIS12C after removal of Head2. Indeed, Head1 and the Stalk showed some hinge-bending motion of the two domains in comparison to the full-length structure in the C2 spacegroup. Rigid body refinement of the domains and separate helices lowered the free R factor. The slightly better resolution of the MIS12C DHead2 crystals compared to the full-length structure facilitated sequence assignment and further refinement using PHENIX. In spite of a high R factor, data up to 3.0 Å were initially included in refinement as they improved its convergence, whereas in the final refinement data to 3.25Å was used. The final model built on density for the MIS12C Nano crystals contains residues 2-200 of MIS12, residues of DSN1, residues 32-204 of NSL1, and residues 6-22 and 28-48 of CENP-C. The structure of the MIS12C Head2 was solved by molecular replacement, using the structure of the Head2 derived from the MIS12-C Nano :CENP-C 1-71 as a search model in Molrep (Collaborative Computational Project, Number 4, 1994) . It contained 1 molecule per asymmetric unit in spacegroup P3 2 . The structure was rebuilt with Coot and refined with Refmac5, in iterative cycles until R-factors converged. The final refinement was done with PHENIX. Analytical Size-Exclusion Chromatography Analytical size-exclusion chromatography was carried out on a Superdex 200 Increase 5/150 (Ä KTAmicro system) column. The samples were eluted under isocratic conditions at 4 C in SEC buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl and 1 mM TCEP) at a flow rate of 0.2 ml/min. Elution of proteins was followed by monitoring wavelengths at 280 and 495 nm. Proteins were mixed at 5 mM in a total volume of 50 ml, incubated for 30 min on ice, spun for 15 min in a bench-top centrifuge before each chromatographic step. Relevant fractions (50 ml) were analyzed by SDS-PAGE. Chromatographic runs containing labeled protein fragments were analyzed by SDS-PAGE, and in-gel fluorescence was detected using a ChemiDocÔ MP Imaging System (BIO-RAD).
Chemical Cross-linking and Mass Spectrometry Cross-linking of the 10-subunit KMN assembly complex with a CENP-C fragment was performed by mixing 45 mg of the complex (at 1 mg/ml) with 650 mM of an equimolar mixture of isotopically light (d0) and heavy (d12) labeled BS3 (bis-sulfosuccinimidylsuberate) for 30 min at 37 C. The reaction was quenched by adding a final concentration of 100 mM ammonium bicarbonate for 20 min at 37 C. Cross-linked proteins were enzymatically digested by trypsin or AspN and cross-linked peptides were identified by tandem massspectrometry (Herzog et al., 2012; Walzthoeni et al., 2012) . Cross-linked proteins were denatured by adding 2 sample volumes of 8 M urea and reduced by incubating with 5 mM TCEP at 35 C for 15 min. Proteins were alkylated with 10 mM iodoacetamide for 35 min at room temperature in the dark. Samples were proteolytically digested using either trypsin or AspN. For the trypic digest, proteins were first incubated with lysyl endopeptidase (1/50, w/w) for 2 hr at 35 C followed by adding trypsin (1/50, w/w) overnight at a final concentration of 1 M urea. For the AspN digest, the protease was added twice, first at a final concentration of 1.6 M Urea (1/50, w/w) for 2 hr at 35 C and second in 0.5 mM Urea (1/50, w/w) overnight. Proteolysis was stopped by the addition of 1% (v/v) trifluoroacetic acid (TFA). Acidified peptides were purified by reversed-phase chromatography on C18 columns (Sep-Pak). Eluates were dried, reconstituted in 20 ml of mobile phase (water/acetonitrile/TFA, 75:25:0.1) and cross-linked peptides were enriched on a Superdex Peptide PC 3.2/30 column. Fractions of the cross-linked peptides were analyzed by liquid chromatography coupled to tandem mass spectrometry using a LTQ Orbitrap Elite (Thermo Scientific) instrument. The cross-link fragment ion spectra were searched and peptides identified by the open-source software xQuest (Walzthoeni et al., 2012) . The results were filtered according to the following parameters: score < 0.85, MS1 tolerance window of À4 to 4 ppm and score R 22 and manually validated. False positive rates calculated by xProphet (2) were 0.04 for inter-protein cross-links and < 0.01 for intra-protein cross-links.
QUANTIFICATION AND STATISTICAL ANALYSIS
For polarization experiments, values are shown as mean ± standard error of the mean (described in Method Details). For kinetochore localization experiments, quantification and statistical analysis (mean ± SEM) are described in the figure legends.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the MIS12
Dhead2
, Head2, and MIS12:CENP-C full-length structures reported in this paper are PDB: 5LSJ, 5LSI, and 5LSK, respectively. , moving away from the stalk in an extended and poorly conserved segment. Electron density for this segment of CENP-C is weak. The CENP-C chain bends again to complete its ''U-turn'' around residues 28-30, emerging in helical conformation (residues 32-44, Figure 2C ). The CENP-C helix packs snugly against the groove between a1 of PMF1 and a2 of MIS12, and is amphipathic, with the side chains of Val 34 ) and also stained with Coomassie Brilliant Blue to visualize all proteins. species and polarization monitored at equilibrium (like in Figure 4A ). Unlabeled CENP-C 1-71 was added as positive control for competition at the indicated competitor concentration. Head2 had no effects as competitor even at high concentrations, suggesting that its intra-molecular interaction with Head1 is of very modest affinity.
Supplemental Figures
